INTRODUCTION
Small nucleolar RNAs (snoRNAs) are the targeting components of enzymes that cleave, methylate, or pseudouridylate ribosomal RNAs and are transcribed by RNA polymerase II (Pol II) (Kiss, 2002) . Although some S. cerevisiae snoRNA genes are located within introns of protein coding genes or in polycistronic clusters, most have their own promoter and terminator sequences. Similar to mRNAs, monocistronic snoRNAs have a 5 0 cap, but unlike mRNAs, the mature transcripts are not polyadenylated. Genetic and biochemical studies in yeast have identified a set of genes involved in transcriptional termination of snoRNAs. The proteins encoded by these genes are often essential, probably because transcriptional readthrough into vital downstream protein coding genes is detrimental (Steinmetz et al., 2001) . They include Pol II subunits Rpb3 and Rpb11, Pol II-associated proteins such as components of the polymerase associated factor (PAF) complex, proteins that recognize the snoRNA termination signals, such as the Nrd1-Nab3-Sen1 complex, and components of the cleavage and polyadenylation factor (CPF) and cleavage factor 1 (CF1) complexes (Swd2, Ref2, and Pcf11) (Kim et al., 2006; Steinmetz et al., 2006) . With the exception of Ssu72, which dephosphorylates the Ser5 residues of the Pol II C-terminal domain (CTD), the precise roles of the CPF and CF1 components in transcriptional termination are not well understood (Ganem et al., 2003; Krishnamurthy et al., 2004; Nedea et al., 2003; Steinmetz and Brow, 2003) . In this report, we demonstrate that the function of the Glc7 serine/threonine phosphatase component of the associated with Pta1 (APT) subcomplex (Nedea et al., 2003) of CPF is essential for snoRNA transcriptional termination and that the roles of two other APT components, Swd2 and Ref2, are to keep Glc7 associated with the complex. We also show that dissociation of Glc7 from APT, and the resulting termination defect, can be largely corrected by overexpression of a C-terminal fragment of the Sen1 RNA helicase. The Sen1 suppressor acts through its ability to target the Glc7 phosphatase to the Nrd1-Nab3 complex, which localizes near termination sites. We show that Glc7 can dephosphorylate Sen1 in vitro, and thus we establish a link between a probable dephosphorylation event mediated by APT and the function of the Nrd1-Nab3-Sen1 complex.
In addition to being a component of the APT subcomplex of CPF, Swd2 is also a subunit of the Set1c histone H3 lysine 4 (H3K4) methyltransferase complex, also known as COMPASS (Miller et al., 2001; Nagy et al., 2002; Roguev et al., 2001) . Using conditional alleles, Swd2 was previously shown to be required for H3K4 di-and trimethylation. Having suppressed the lethality of the swd2D strain, we could definitively measure the effect of SWD2 loss on Set1c composition and function (Cheng et al., 2004; Dichtl et al., 2004) . We show that Swd2 is required for the structural integrity of both APT/CPF and Set1c.
RESULTS
Overexpression of a C-Terminal Fragment of the Sen1 Helicase Suppresses Lethality Associated with Loss of the Swd2 and Ref2 Components of the APT Subcomplex of the CPF To identify suppressors of the loss of viability caused by loss of Swd2, a temperature-sensitive strain, swd2-td, was created by using the degron method of Dohmen et al. (1994) . From a highcopy genomic library (Nasmyth and Tatchell, 1980) , we identified four clones that allowed growth of this strain at the restrictive temperature of 35 C. These contained identical inserts with a 1114 nucleotide long 3 0 segment of SEN1 (YLR430W) (aa 1862-2231) and complete coding sequences of YLR431C and IMD3 (YLR432W). Deletion analysis of this genomic fragment demonstrated that the partial SEN1 sequence coding for the 323 C-terminal amino acids of Sen1 was responsible for restoration of viability (data not shown).
Sen1 is a superfamily I helicase that has been previously implicated in snoRNA termination as well as in processing of many different kinds of RNAs (Rasmussen and Culbertson, 1998; Steinmetz et al., 2001; Ursic et al., 1997) . Mutations in its human ortholog Senataxin cause amyotrophic lateral sclerosis type 4 (ALS4) and ataxia-ocular apraxia type 2 (AOA2) (Blair et al., 2000; Moreira et al., 2004) . Sen1 is one of the largest proteins in yeast with 2231 amino acids. Previous work identified a helicase domain (aa 1327-1656) and a lysine-rich region (aa 1890-1976) essential for its function (DeMarini et al., 1992) . We tested the roles of these domains in suppression through a series of low-copy CEN plasmids containing GFP-SEN1 fusion genes under control of the actin promoter (Carminati and Stearns, 1997 ) ( Figure 1A ). Fluorescence microscopy showed that all (A) Schematic representation of the CEN:LEU P actin -GFP-SEN1 constructs used in mapping the domains essential for suppression. Sen1(1212) (aa 1019-2231) contains the essential C-terminal half of Sen1 with its helicase domain (aa 1327-1656), lysine-rich region (aa 1890-1976) , and bipartite nuclear localization signal (NLS) (aa 1908 (aa -1926 (aa ) (DeMarini et al., 1992 ; Sen1(323) (aa 1890-2231) was isolated from the suppressor screen and lacks the helicase domain; Sen1(264) (aa 1967-2231) lacks the helicase and bipartite nuclear localization sequences; and Sen1(202) (aa 1890-2092) is a fragment sufficient for nuclear localization.
(B and C) The lysine-rich nuclear localization domain of Sen1 is required for its ability to suppress the deletion of SWD2 (B) or REF2 (C), whereas its helicase domain is not required. Top panels, fluorescent microscopy for localization of GFP and GFP-Sen1 fusion proteins. Middle panels, phase contrast microscopy. Bottom panels, tetrads derived from the transformed swd2D/SWD2 (S288C) and ref2D/REF2 (W303) cells. constructs that included the lysine-rich region (aa 1890-1976) , that is Sen1(202), Sen1(323), and Sen1(1212), produced fusion proteins that localized to the nucleus (Figure 1B, left panel; only Sen1[202] shown). Upon sporulation, all these GFP-Sen1 chimeras allowed recovery of complete tetrads at similar frequencies ($50%) ( Figure 1B , left panel; only Sen1[202] is shown). Removal of part of the lysine-rich region, including the nuclear localization signal in the Sen1(264) construct, led to mostly cytoplasmic localization of the GFP-Sen1 fusion protein, and no complete tetrads were obtained upon sporulation (Figure 1B, central panel.) . Cells transformed with the empty GFP vector produced only two viable spores ( Figure 1B , right panel). These studies indicated that nuclear localization of the suppressing Sen1 fragment, mediated in large part by the lysine-rich region (aa 1890-1976) , is important for suppression, but the helicase function is not. However, Sen1(202) cannot complement a sen1D strain and requires the continued presence of functional Sen1 in order to suppress the loss of Swd2 (data not shown).
Based on previous studies identifying Swd2 as part of the CPF complex (Dichtl et al., 2002; Gavin et al., 2002; Nedea et al., 2003; Walsh et al., 2002) , and its involvement in transcriptional termina-tion of snoRNAs (Cheng et al., 2004; Dichtl et al., 2004) , we systematically tested the ability of Sen1(202) to suppress the loss of other proteins associated with CPF or involved in snoRNA termination. These included subunits of CPF and CFI, Pol II subunits Rpb3 and Rpb11, and RNA-binding proteins Nrd1, Nab3, and Nop1. Besides the absence of Swd2, Sen1(202) only suppressed the deletion of another APT component, Ref2 ( Figure 1C ), in both S228C and W303 backgrounds, where cells lacking REF2 are slow growing or inviable, respectively (Russnak et al., 1995; Dheur et al., 2003) . These findings suggested that Swd2 and Ref2 have related functions within CPF.
Deletion of Either SWD2 or REF2 Causes Dissociation of the Glc7 Phosphatase from the APT Subcomplex of CPF We purified the APT complex (Nedea et al., 2003) from wild-type, ref2D, and swd2D strains with a tandem affinity purification (TAP) tag on the Syc1 component of APT to ascertain the effect that loss of Ref2 or Swd2, or the presence of the suppressor Sen1(202), had on complex composition (Figure 2A ). Strikingly, the loss of Ref2 or Swd2 had similar consequences for the composition of APT. In the absence of Ref2, the Swd2 and Glc7 components were lost from the complex (Figure 2A , lanes 6-8). These results confirm and extend previous observations that Swd2-TAP can associate with Set1c, but not with APT, in the absence of Ref2 and that purification of Pti1-TAP in the absence of Ref2 yields an APT complex without Glc7 and Swd2 (Nedea et al., 2003) . Similarly, in the absence of Swd2, the Ref2 and Glc7 components were missing from APT (Figure 2A, lane 9) . These findings show that Ref2 and Swd2 anchor Glc7 and each other to APT. The Sen1(202) fragment did not copurify with APT, indicating that suppression did not work by recruitment of Sen1(202) to the APT complex but rather by somehow overcoming the consequence of dissociation of the Glc7 phosphatase.
To further demonstrate this point, we created an S288Cderived yeast strain with an F374A mutation in the predicted ''RVXF'' Glc7 binding motif of Ref2 (Nedea et al., 2003) . This single amino acid change disrupted the interaction between Ref2 and Glc7 in a yeast two-hybrid system ( Figure 2C ). We also examined the consequences of this mutation under more physiological conditions. We purified the APT complex from a ref2D S288C strain complemented with Flag-tagged REF2 or a similarly tagged ref2 F374A allele. Mutant Ref2F374A levels were indistinguishable from wild-type levels in whole-cell extracts ( Figure 2D ), but the mutant protein incorporated less efficiently into APT ( Figure 2B , lane 2). Although Swd2 incorporation was normal, Glc7 was missing from the complex. The F374A mutation was lethal in the W303 background and could be suppressed, just like the loss of Ref2, by the simultaneous presence of Sen1(202) ( Figure 2E ). Taken together, these results are consistent with the hypothesis that the lethality/slow growth seen in the swd2 and ref2 strains is due to loss of the Glc7 phosphatase from the APT complex.
Sen1 Suppression Works through Correction of the snoRNA Termination Defect Seen in the Absence of Functional Ref2 and Swd2
In both the temperature-sensitive swd2-3 and the ref2-2 strains, aberrant chimeric transcripts are generated at the snR13 -TRS31 locus on chromosome IV ( Figures 3A and 3B ). These include the sequence of the snoRNA, the downstream intergenic region, and the downstream protein coding gene (Cheng et al., 2004; Dheur et al., 2003; Dichtl et al., 2004) . We tested by northern blot analysis whether overexpression of Sen1(202) in these mutant strains corrected the transcriptional readthrough defect observed ( Figures 3A and 3B ). Sen1(202) overexpression corrected the snoRNA termination defect observed in the presence of both the ref2-2 and swd2-3 alleles. This indicates that Sen1(202) salvages the viability of ref2 and swd2 mutant strains at least in part through restoring proper termination.
The Glc7 Phosphatase Is Required for snoRNA Termination Loss of the Swd2 or Ref2 components from APT or the F374A mutation of Ref2 causes dissociation of Glc7 from the APT complex (Figures 2A and 2B ). This predicted that Glc7 might play an essential role in snoRNA termination. To test this hypothesis, we measured termination efficiency on the snR13 snoRNA gene in the degron-Glc7 fusion strain glc7-td at permissive (23 C) and restrictive (37 C and 39 C) temperatures (He and Moore, 2005) . In agreement with previously published results, we observed a significant decrease in the amount of the degron-HA-Glc7 chimeric protein upon incubation at the restrictive temperature ( Figure 3C , bottom panel, lanes 3-6). Northern blot analysis of the same cells revealed a substantial amount of snR13-TRS31 fusion transcript at 37 C, and even more at 39 C ( Figure 3C, lanes 3 and 5) . This termination defect could be largely corrected by the presence of the wild-type GLC7 gene on a CEN-LEU plasmid ( Figure 3C, lanes 4 and 6) . These experiments provided evidence that Glc7 is a crucial regulatory component of snoRNA transcriptional termination.
The Swd2 Component of Set1c Is Required for Stability of the Complex and for Optimal Histone H3K4 Methylation In Vivo The Swd2 component of APT is also present in the Set1c H3K4 methyltransferase complex (Miller et al., 2001; Nagy et al., 2002; Roguev et al., 2001) . Our initial interest in this protein was to find out whether it mediated interaction of both complexes with a shared regulator or substrate. Previous studies described a significant decrease in both histone di-and trimethylation in cells carrying temperature-sensitive alleles of SWD2 and noted that Set1 methyltransferase levels were also greatly reduced (Cheng et al., 2004; Dichtl et al., 2004) . We tested the Sen1(202)-suppressed swd2D strain for changes in the modification status of histone H3 and the composition and stability of the Set1c. We found that Sen1(202) does not alter H3K4 methylation in wildtype cells ( Figure 3D , lanes 1-4 and 7-10). Similarly, there is no significant change in H3K4 monomethylation due to loss of Ref2 or Swd2 ( Figure 3D , top panel, lanes 5 and 6 and 11 and 12, respectively). Dimethylation is significantly reduced and trimethylation is absent in the swd2D strain but was unchanged in the ref2D strain, consistent with previous results ( Figure 3D , lanes 11 and 12 versus 9 and 10 and lanes 5 and 6 versus 3 and 4) (Cheng et al., 2004; Dheur et al., 2003; Dichtl et al., 2004) . A similar pattern of methylation loss is seen in strains lacking the Sdc1 and Bre2 components of Set1c ( Figure 3E ). Phospho-histone levels do not change significantly, indicating that phospho-H3S10 is not likely to be a substrate of Glc7 associated with APT ( Figure 3D , fourth panel, lanes 9-12). We examined the effect of SWD2 deletion on cellular Set1 levels. Our results confirmed that loss of Swd2 causes a severe reduction, at least 20fold, in the level of Set1, as has been previously described (Dichtl et al., 2004) (Figures 3F and 3G ). The change in Set1 levels is similar to that seen in the absence of the Spp1, Swd1, and Swd3 components of Set1c ( Figure 3G ). The change is due to decreased stability of Set1, because microarray analysis of the swd2D strain shows no decrease in SET1 transcript levels (data not shown). It is interesting that the level of remaining Set1 does not correlate directly with the level of residual methylation; the methylation levels are only mildly affected in the Spp1 strain, whereas Set1 levels are comparable to that seen in the swd1D and swd3D strains that cannot methylate H3K4. Purification of Set1c from wild-type and swd2D strains using TAPtagged Bre2 and Swd1 components indicates that association of the majority of the Bre2-Sdc1 and Swd1-Swd3 heterodimers and Set1 with other components of the complex is severely impaired in the absence of Swd2 ( Figure 3H ).
Suppression by Sen1(202) Depends on Its Ability to Interact with Glc7
Sen1 was previously identified as one of over 30 proteins that copurify with tagged Glc7 (Ho et al., 2002; Walsh et al., 2002) . These proteins included components of CPF, such as Swd2 and Ref2, raising the intriguing possibility of a structural link between Sen1 and CPF. However, we suspected a direct interaction between Sen1 and Glc7, because Sen1 was not isolated when other components of CPF were used as bait (Walsh et al., 2002) .
Prior structural and functional analysis of the ''RVXF'' Glc7 interaction motif demonstrated that the phenylalanine residue is (202) overexpression corrects the snR13 termination defect of the ref2-2 strain at the restrictive temperature. Northern blot analysis of TRS31 mRNA isolated from the temperature-sensitive strain ref2-2 complemented with the following: lanes 1 and 2, CEN-LEU2 vector; lanes 3 and 4, REF2; lanes 5 and 6, GFP expression vector; and lanes 7 and 8, Sen1(202) ( Figure 1A) . Temperatures above lanes indicate 4 hr incubations after overnight growth at 23 C. Arrows point to the snR13-TRS31 fusion, TRS31, and ACT1 (actin) transcripts. (B) Sen1(202) overexpression corrects the snR13 termination defect of the swd2-3 strain at the restrictive temperature. Northern blot analysis of TRS31 mRNA isolated from the swd2D strain complemented with the following: lanes 1-4, SWD2 (CEN-LEU2) , and lanes 5-8, temperature-sensitive allele swd2-3 (CEN-LEU2). (+), presence of the Sen1 (202) essential for Glc7-like phosphatases to interact with their targeting partners such as the M110 subunit in mammals and Gac1 and Reg1 in S. cerevisiae (Ceulemans and Bollen, 2004; Egloff et al., 1997; Wu and Tatchell, 2001) . We identified the KHVCF motif in Sen1(202) (aa 1999-2003 of Sen1) as a potential RVXF motif ( Figure 4A, top panel) . We tested the interaction of wild-type, K1999A, and F2003A mutant Sen1(202) with Glc7 using a yeast two-hybrid approach and determined that the wild-type and K1999A mutant Sen1(202) interacted strongly with Glc7, whereas the F2003A Sen1(202) did not ( Figure 4A, bottom panel) . We also showed that the interaction required the C-terminal 180 amino acids of Glc7 containing the residue F256, previously shown to be crucial for interaction of Glc7 with the RVXF consensus of other binding partners (Wu and Tatchell, 2001) (Figures 4A and 4B) . To further demonstrate a direct interaction, we showed that affinity-purified, GSTtagged Sen1(202) produced in E. coli was preferentially retained compared to GST alone by 63His-Glc7 bound to a Ni-NTA matrix ( Figure 4C ).
We then examined the functional consequences of the K1999A and F2003A mutations in Sen1. Similarly to the wildtype Sen1(202) protein, both mutants are nuclear ( Figures 1B  and 1C ; Figure 4D , top panel). Despite the identical localization, only the K1999A mutant suppressed the absence of SWD2 and yielded complete tetrads upon sporulation of the swd2D/SWD2 strain ( Figure 4D, bottom panel) . Similar results were obtained for suppression of the loss of viability of the W303 ref2D strain ( Figure 4E ). These results indicated that suppression of the loss of SWD2 and REF2 by Sen1(202) overexpression depends on the ability of Sen1 to interact with Glc7. (202) depends on the intact F2003 residue of the VRXF motif. REF2 and ref2D strains carrying a Sen1(202)-CEN-URA3 plasmid and a wild-type or mutated Sen1(202)CEN-LEU2 plasmid can grow on LeuÀ UraÀ medium, confirming the presence of both plasmids. On LeuÀ Ura+ 5-FOA+ plates, strains can survive only by ejecting the wild-type Sen1(202)CEN-URA3 plasmid. For the ref2D strain, this is only possible in the presence of a Sen1(202)CEN-LEU2 plasmid coding for a protein that can interact with Glc7 (wild-type and K1999A).
Glc7 Is Recruited to the Nrd1-Nab3 Termination Complex by Sen1
To understand the mechanism of suppression by the Sen1 fragment, we examined the interacting partners of TAP-Sen1(323) from wild-type and swd2D and ref2D mutant strains. The purified material was analyzed by SDS-PAGE ( Figure 5A ) and liquid chromatography mass spectrometry (LC-MS). Prominent bands on the silver-stained SDS gel were also identified by MALDI-TOF mass spectrometry ( Figure 5A ). Based on inspection of the SDS gel and from the list of peptides identified by LC-MS, REF2 or SWD2 deletion caused no obvious qualitative difference in the proteins associated with Sen1(323) ( Figure 5A, lanes 5-8) . Glc7, Nrd1, and Nab3 were the proteins identified with highest confidence as interacting specifically with the Sen1(323) suppressor in all cases (Table S1 ). The interactions are fairly stable, as they survived stringent washes with 1 M NaCl ( Figure 5 , lane 5).
The silver-stained gels showed that, although a similar amount of Sen1(323) was purified from all strains, the amount of associated Glc7 is higher in the mutants. This was supported by the LC-MS results in which the ratio of the total number of Glc7 peptides to Sen1(323) peptides was higher in the mutants than in the wildtype strain (Table S2 ). This is consistent with a model in which dissociation of Glc7 from APT in the absence of Ref2 or Swd2 results in an increased pool of Glc7 available to associate with Sen1(323). Purification of C-terminally TAP-tagged full-length Sen1 and Sen1 with a 975 amino acid N-terminal deletion (SEN1-2 [Ursic et al., 1995] ) similarly identified Glc7, Nab3, and Nrd1 among the Sen1-associated proteins ( Figure 5 , lanes 3 and 4, and Table S3 ).
Among the highest-ranked factors also associated with the Sen1(323) fragment were two known Glc7-associated proteins: Glc8 and Sds22 (Table S1 ). This might indicate that the activity of the Glc7 phosphatase associated with Nrd1/Nab3/Sen1 is regulated by additional factors. These Glc7 regulators do not carry the ''VRXF'' consensus and thus should not compete with Sen1(323) for binding to Glc7. Other highly enriched proteins included the protein components of the C/D and H/ACAgroup snoRNP components, such as Nop1, Nop56, Nop58, Snu13, Cbf5, Nhp2, Nop10, and Gar1. Nop1 and Gar1 share a domain composed of repeat units rich in glycine and arginine (GAR domain) with another highly enriched protein, Nsr1 (Russell and Tollervey, 1992) . No components of the CPF or CF1 were detected in significant amounts, consistent with the results from our purification of the APT complex from WT and mutant cells.
Full-length Sen1 was not present at levels comparable with Nrd1 or Nab3 in the Sen1(323) purification, indicating that Sen1(323) is not usually associated with full-length Sen1. However, traces of Sen1 peptides beyond the 323 C-terminal of Sen1(323) were present in these purifications, suggesting that a small amount of full-length Sen1 associates with the Sen1(323) fragment.
Based on our results from purification and mass spectrometry, we used a two-hybrid assay to test for a direct interaction between Sen1(202) and Nab3 or Nrd1. We found a very strong interaction between Nab3 and Sen1(202) that was not affected by mutations of residues in Sen1(202) required for interaction with Glc7 ( Figure 5B ). This implies that both Nab3 and Glc7 may interact simultaneously with Sen1(202). No interaction was detected between Nrd1 and Sen1(202) (data not shown). Based on these results, we propose that Sen1(202), Glc7, Nab3, and Nrd1 form a stable complex in which Sen1 directly interacts with Nab3 and Glc7, whereas Nrd1 associates directly with Nab3 as described previously (Conrad et al., 2000) . Considering that there are only a few hundred copies of Sen1 but thousands of molecules of Nrd1 and Nab3 in wild-type cells, only a small portion of Nrd1 and Nab3 would be found in such a complex at any given time (Ghaemmaghami et al., 2003) .
In summary, our results suggest that overexpression of the Sen1 fragments corrects disruption of an APT-dependent dephosphorylation event required for snoRNA transcription termination. This is accomplished through recruitment of Glc7 dissociated from APT to the terminator binding Nrd1/Nab3 complex, the physiological partner of Sen1.
Sen1 Is a Potential Substrate for the Glc7 Phosphatase Associated with APT The fact that mutations in Sen1 and APT components cause snoRNA termination defects, and overexpression of Sen1 can suppress the loss of Glc7 from APT, suggested a possible functional relationship between Sen1 and APT-associated Glc7. That lowering Sen1 levels in a ref2D S288C mutant was lethal, while the same decrease in Sen1 levels in a REF2 background had no significant effect, also implied a functional relationship. (Figure 5C ). Western blots of extracts from ref2D mutants expressing Flag-tagged Sen1 protein showed an increase in the intensity of the lowest mobility band reacting with the anti-Flag antibody ( Figure 5D, lanes 3 and 4) . As the intensity of this band was diminished in a ref2D mutant containing the Sen1(202) suppressor ( Figure 5D, lanes 5 and 6) , we hypothesized that this band represented a hyperphosphorylated form of Sen1.
To test whether the migration pattern of Sen1 on SDS gel was indeed due to hyperphosphorylation, we treated the extracts from the nonsuppressed ref2D mutant with two nonspecific phosphatases, shrimp alkaline phosphatase (SAP) and lambda phosphatase, as well as with recombinant 63His-Glc7 and APT-associated Glc7. Although the nonspecific phosphatases had no effect, treatment with recombinant Glc7 and APT increased the gel mobility of Sen1 ( Figure 5E, lanes 4 and 5) . These genetic and biochemical studies suggest that Sen1 is a strong candidate for being a direct substrate of Glc7, potentially the Glc7 associated with the APT subcomplex of CPF.
DISCUSSION
In this study, we show that the Glc7 phosphatase component of the APT subcomplex of CPF is essential for proper snoRNA termination. Mutations in the Swd2 and Ref2 components of APT disrupt Glc7 association with the complex and result in cell death due to transcriptional readthrough of snoRNA messages into essential protein coding genes. We identify a 202 amino acid long C-terminal segment of the Sen1 helicase as a high-copy suppressor of the snoRNA termination defect, and we demonstrate that the suppressor works through recruitment of the Glc7 phosphatase to the Nab3 and Nrd1 RNA-binding proteins Arrowheads, APT complex components labeled in gray. Arrows, proteins identified by MALDI-TOF analysis labeled in black. Asterisks, contaminating proteins. (B) Sen1 interacts with Nab3. Yeast two-hybrid studies demonstrating that Sen1-Nab3 interaction is not affected by mutations of the ''RVXF'' motif necessary for interaction of Sen1 with Glc7. 2DO and 4DO represent HC LeuÀ TrpÀ and HC LeuÀ TrpÀAdeÀHisÀ media, respectively. T7 fusions serve as negative control. (C) Downregulation of Sen1 is lethal in the S288C ref2D background. Serial dilutions of the strains indicated were plated on YPD in the absence or presence of 10 mg/ml doxycycline, which represses Sen1 expression in the sen1tetO7 strains, and examined after 48 hr incubation. (D) The level of a low-mobility form of Sen1 is increased in the ref2D strain. Western blot analysis of extracts from WT and ref2D strains with genomic Flag-Sen1. Sen1 was detected by anti-Flag antibody; Nrd1 was detected by rabbit antiserum. (E) The low-mobility Sen1 band, seen in (D), lanes 3 and 4, represents a phosphorylated form that can be dephosphorylated by Glc7. Equal amounts of extracts from ref2D cells carrying Flag-Sen1 were treated with bacteriophage lambda phosphatase (l), shrimp alkaline phosphatase (SAP), recombinant Glc7-6His purified from E. coli, and APT purified from a TAP-Syc1 strain. The position of the hyperphosphorylated and the hypophosphorylated Sen1 is indicated. known to localize to snoRNA terminators. These findings point to an essential dephosphorylation event normally performed by the Glc7 phosphatase associated with APT, which can alternatively be performed by an increased concentration of Glc7 phosphatase associated with the Nrd1-Nab3 complex. Because our results indicate that wild-type Sen1 also associates with Glc7 and recruits it to the Nrd1-Nab3 complex, it is possible that the Glc7 associated with APT and the Glc7 associated with Sen1 act on the very same substrate under physiological conditions. Sen1 is one prime candidate for being a substrate for Glc7, as its phosphorylation state is affected by Glc7 dissociation from APT in vivo and it can be dephosphorylated by APT-associated Glc7 in vitro. Genetic data also support this possibility. We show that lowering Sen1 levels in an S288C refD mutant in which APT is depleted of Glc7 is lethal. Decreased functionality of Sen1, brought on by a decrease in its dephosphorylation by APT, coupled with a decrease in Sen1 levels is a plausible explanation for this synthetic genetic effect. Regulation of Sen1 may be similar to that of Upf1, a related superfamily I helicase involved in the process of premature translational termination associated with nonsense-mediated decay (NMD) (Culbertson and Neeno-Eckwall, 2005; Rasmussen and Culbertson, 1998) . The phosphorylation state of the Upf1 helicase dictates its association with RNAbound protein complexes and regulates its helicase activity (Kashima et al., 2006) . Similarly, phosphorylation might activate (or inactivate) Sen1 and affect its association with various components of the termination machinery. Because the intracellular concentration of Nrd1-Nab3 complexes greatly exceeds that of Sen1, full-length Sen1 and the Sen1 suppressor fragment should bind to largely different subsets of Nrd1-Nab3 complexes. However, we observe a reduction in the phosphorylated form of fulllength Sen1 by the suppressing Sen1 fragment in extracts from ref2D cells ( Figure 5D, lanes 5 and 6) , indicating some overlap.
Whether the substrate of the Glc7 associated with full-length Sen1 and the Glc7 associated with the suppressor Sen1 fragment is the same remains to be seen. The fact that the C-terminal 1212 amino acid segment of Sen1 can both complement the sen1D strain and suppress the loss of Swd2 or Ref2 would argue that they are ( Figures 1B and 1C) (DeMarini et al., 1992) . Although the components of the Nrd1-Nab3-Sen1 termination complex are among the best candidates for dephosphorylation by Glc7, other factors interacting with or located in the vicinity of the Nrd1-Nab3-Sen1 complex may be candidates as well, and it is unclear which substrate of Glc7 is important for snoRNA termination.
Because snoRNAs are required for ribosomal RNA maturation, our findings provide a mechanism for the observed role of Glc7 in the biogenesis of ribosomes (Peng et al., 2003) . Our data are also in agreement with previous work showing that overexpression of Glc7 can suppress mutant alleles of PTA1 and PTI1, which encode subunits of CPF. (He and Moore, 2005) . Although both Pta1 and Pti1 were implicated in snoRNA termination (Dheur et al., 2003; Nedea et al., 2003) , the specific alleles suppressed by Glc7 overexpression were not formally linked to this process. However, the pta1-3 allele suppressed by Glc7 contains a larger C-terminal truncation than the ptaD200 allele shown to be deficient in this process (Nedea et al., 2003) . Interestingly, Pta1 was shown to be a physiological substrate for Glc7, although there is no evidence showing that alterations in the phosphorylation state of Pta1 cause a snoRNA termination defect (He and Moore, 2005) . Glc7 was also shown to be required for release of Rna15 from poly(A) RNA (Gilbert and Guthrie, 2004) . Similarly, Glc7 may help displace Rna15, Nrd1, and Nab3 from snoRNAs, possibly through regulation of the Sen1 helicase activity.
Our ability to grow cells in the absence of Swd2 and Ref2 allowed us to reexamine the role of these proteins in histone methylation. We find that in the swd2D strain H3K4 monomethylation is normal, dimethylation is significantly decreased, and trimethylation is undetectable ( Figure 3D ). This is consistent with previous results obtained with conditional alleles of SWD2 (Cheng et al., 2004; Dichtl et al., 2004) . The degree of the histone methylation defect is most similar to loss of the Bre2 and Sdc1 components of Set1c ( Figure 3H ). We also establish that Swd2 is essential for the stability of the Set1c complex and for the proper cellular levels of the Set1 methyltransferase itself, although it does not affect Set1 transcript levels ( Figures 3F-3H ). Loss of Ref2 does not affect histone methylation. The interesting observation that Ref2 is not essential in the S288C background whereas loss of Swd2 is lethal in all backgrounds is probably due to the fact that, in addition to the transcriptional termination defect, loss of Swd2 also affects histone methylation as well as methylation of other proposed substrates of Set1c (Zhang et al., 2005) . Because the loss of Swd2 affects the methyltransferase activity of Set1c and the phosphatase activity of APT, we propose that the role of Swd2 in these two complexes is to keep their respective methyltransferase and phosphatase activities in their proper structural context.
In summary, our findings establish a functional link between the Glc7 phosphatase component of APT and the Nab3-Nrd1-Sen1 snoRNA termination complex. They also suggest a role for Swd2 in positioning the Glc7 phosphatase in a manner that potentially reflects its role in positioning the Set1 methyltransferase in the context of the Set1c complex.
EXPERIMENTAL PROCEDURES

Yeast Strains and Culture Conditions
Yeast procedures were performed according to standard genetic techniques (Adams et al., 1997) . A temperature-sensitive swd2 allele was generated by using the degron method (Dohmen et al., 1994) . Temperature-sensitive strains were cultured at 23 C overnight to a density of OD 600 = 0.6 and then transferred for 4 hr into medium prewarmed to the desired restrictive temperature. GFP-SEN1 fusion genes under the control of the ACT1 promoter (Figure 1 ) (Carminati and Stearns, 1997) were tested in a heterozygous diploid stain obtained from Resgen (BY4743). The growth rate of the ref2D sen1tetO7 double mutant (Mnaimneh et al., 2004) was estimated by serial dilution of strains on YPD medium in the presence or absence of 10 mg/ml doxycycline. Yeast two-hybrid studies were done according to the manufacturer's specifications (BD Biosciences).
Histone Methylation and Sen1 Phosphorylation Studies
Extracts for histone methylation studies were prepared with NaOH lysis (Ramaswamy et al., 2003) . Extracts to study Sen1 phosphorylation were prepared as described below for tandem affinity purifications. Proteins were separated on 7.5% SDS gels for Sen1 visualization by western blots. Antibodies used are described in the Supplemental Experimental Procedures section. The dephosphorylation assay was performed with 10 ml of whole-cell extracts prepared from an S288C ref2D mutant and supplemented with fresh phenyl methylsulphonylfluoride (PMSF). For the lambda (NEB) and shrimp alkaline phosphatase (SAP) (Fermentas), the extracts were supplemented with their recommended buffer. Four-hundred units of lambda and 5 ml of SAP were used in the assays. Approximately 0.5 mg recombinant Glc7 and 3 ml of purified wild-type APT were used. Reactions containing Glc7 were supplemented with 2 mM MnCl 2 .
TAP
The TAP::His3MX cassette was amplified from genomic DNA isolated from TAP-tagged strains present in the O'Shea strain collection (Ghaemmaghami et al., 2003) and then integrated by homologous recombination. TAP-tagged proteins were purified essentially as described (Nedea et al., 2003; Peng et al., 2003) except that for large-scale purifications for LC-MS analysis sodium chloride was replaced by ammonium bicarbonate and Triton X-100 was omitted from the calmodulin washing and elution buffers. TAP-tagged proteins were visualized on western blots by using anti-CBP antibody from Open Biosystems.
Mass Spectrometry
In-solution protein digestion, LC-MS analysis, and protein identification, validation, and grouping were done as previously reported (Elias and Gygi, 2007; Kislinger et al., 2003) . All Sen1 or Sen1-derivative purifications were done in duplicates.
SUPPLEMENTAL DATA
Supplemental Data include Supplemental Experimental Procedures and three tables and can be found with this article online at http://www.molecule.org/ cgi/content/full/29/5/577/DC1/.
